IntroDuctIon
The pancreas has exocrine and endocrine compartments. The endocrine compartment has four cell types (alpha, beta, delta and PP), and there is a well-delineated transcriptional program that regulates the initiation and maintenance of the endocrine compartment. The exocrine compartment comprises acinar cells, which are responsible for the synthesis, storage and secretion of digestive enzymes, and ductal cells, which are intertwined within a network to facilitate the transport of these digestive enzymes. The centroacinar compartment represents the cellular link between acinar and ductal cells.
In the context of the pancreas, the vast majority of in vivo studies take advantage of the Pdx1-Cre or Ptf1a-Cre mouse lines, respectively 1, 2 . Both promoters are expressed early in pancreatic organogenesis, resulting in little or no lineage specificity within the gland 3 . Less-studied Cre lines that target the exocrine compartment in an inducible manner include the ElaCreER T2 (acinar lineage) and Hnf1CreER T2 lines (ductal lineage) 4, 5 . Interrogation of fundamental processes in the pancreas has been advanced through genetically based lineage labeling, thereby providing insights into pancreatic development of exocrine and endocrine lineages, as well as representing an important tool in cancer biology using the Cre/loxP system 6 . Lineage labeling permits the permanent labeling of a cell or cell type, as well as any progeny cells, thereby permitting one to 'track' their fate under homeostatic or pathologic conditions.
It is nonetheless crucial to evaluate the biological and functional properties of the endocrine, acinar and ductal cell types, as their individual characteristics determine their heterogeneous organization and interaction. Here we describe how to purify and characterize pancreatic ductal cells (PDCs) and ductlike cells, as well as how to perform various experimental applications. Compared with established duct cell isolation techniques [7] [8] [9] [10] [11] , the major advantage of our approach is that duct cells can be purified directly in vivo without requiring an additional culturing step. In addition, we are able to validate this technique in conditions such as embryonic development, inflammation and regeneration, as well as oncogenedriven carcinogenesis. Hence, our protocol is able to capture immediate characteristics of duct or duct-like populations of defined biological conditions 12 .
Experimental design
The following protocol provides step-by-step instructions for isolating PDCs from physiological conditions, such as from the the most common subtype of pancreatic cancer is pancreatic ductal adenocarcinoma (pDac). pDac resembles duct cells morphologically and, to some extent, at a molecular level. recently, genetic-lineage labeling has become popular in the field of tumor biology in order to study cell-fate decisions or to trace cancer cells in the mouse. However, certain biological questions require a nongenetic labeling approach to purify a distinct cell population in the pancreas. Here we describe a protocol for isolating mouse pancreatic ductal epithelial cells and ductlike cells directly in vivo using ductal-specific Dolichos biflorus agglutinin (DBa) lectin labeling followed by magnetic bead separation. Isolated cells can be cultured (in two or three dimensions), manipulated by lentiviral transduction to modulate gene expression and directly used for molecular studies. this approach is fast (~4 h), affordable, results in cells with high viability, can be performed on the bench and is applicable to virtually all genetic and nongenetic disease models of the pancreas. PDC full medium for culturing cells in 2D or 3D Prepare the medium as tabulated. PDC full medium should be used within 3 weeks when it is stored at 4 °C. 
MaterIals
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • Penicillin-streptomycin (Gibco,• • • • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •
Collagen for culturing cells in 2D only
For each well of a six-well plate, prepare 1.5 ml of collagen solution (total of 9 ml for a six-well plate). For each 100 × 20 mm dish, prepare a 3-ml collagen solution. The final collagen concentration should remain at 2.31 mg ml − 1 . To determine the proper volume of x ml of collagen solution, add 100 µl of 10× PBS (10% (vol/vol)), 0.0165 ml of 1 N NaOH (1.65% (vol/vol)) and x ml of collagen. Adjust the volume up to 1 ml using ddH 2 O and keep it on ice.  crItIcal The stock concentration of collagen rat tail type I (BD Biosciences, cat. no. 354236) can vary depending on the batch from the company. (vii) Add 400 µl of soybean trypsin inhibitor and resuspend using a P-1000 pipette.
Cell suspension when culturing cells in 3D only
 crItIcal step Embryonic pancreas should completely dissociate at this step. (viii) Spin down the tube at 300g for 5 min at 4 °C.
(ix) Resuspend the pellet in 400 µl of separation buffer.
? trouBlesHootInG Mouse ductal cell labeling and cell separation • tIMInG 2 h 2| Add 400 µl of 1:200 diluted DBA lectin-FITC (diluted in sorting buffer to achieve a final concentration of 1:400) to each of the tubes containing 400 µl of single-cell suspension (final volume 800 µl). Keep one tube as a 'presorting sample' and place this on ice until RNA isolation.  crItIcal step As the cell number from each embryonic pancreas is limited, no presorting fraction should be prepared.
3|
Incubate the tubes for 10 min in the dark at 4 °C on a rotor.
4|
Wash the cells by adding 700 µl of separation buffer and flicking the tube; centrifuge the cell mixture for 10 min at 300g at 4 °C.
5|
Remove the supernatant, add 90 µl of separation buffer to each tube and 10 µl of anti-FITC MicroBeads and resuspend carefully.
6|
Incubate the mixture on a rotor at 4 °C for 15 min.
7|
Wash the cells by adding 1 ml of sorting buffer and flicking the tube carefully.
8|
Centrifuge the mixture at 300g for 10 min and remove the supernatant.
9|
Resuspend each individual pellet in 500 µl of separation buffer and put each of these on ice.
10| Rinse the MACS Separation (MS) columns with 500 µl of chilled sorting buffer and then apply one of three labeled cell suspensions (500 µl) to the column.  crItIcal step Ensure that the solutions you are applying onto the columns are bubble free. In addition, always let the solution run through completely by gravity.
11|
Wash the columns times with 500 µl of buffer and collect the flow-through as the DBA lectin-negative fraction in a 15-ml tube.
12|
After washing, remove the column from the magnetic field and add 1,000 µl of separation buffer. Apply the plunger and collect the next flow-through as the DBA lectin-positive fraction in a 1.5-ml tube. To passage cells, first remove the medium carefully without disturbing the collagen layer, and then mobilize the collagen sheet using a cell lifter.
13|
(v) Transfer the collagen sheet into a 50-ml conical tube containing 9 ml of 1 mg ml − 1 collagenase type V solution (3 ml of 1 mg ml − 1 collagenase type V solution per 1 ml collagen). Aspirate the PBS + after each wash. (xvii) Gently remove the chamber cassette that surrounds the samples on the slide. This can be accomplished by placing the chamber slide on a flat surface, and, while holding the slide firmly, prying the cassette loose from the slide. Once this step is complete, the collagen samples should be left undisturbed on the slide and there should be no remaining cassette plastic. A layer of glue may remain from the outline of the cassette, and it is important to gently remove this as well. ! cautIon Follow standard viral protocols for proper disposal of virus-containing solutions. (xviii) Add 2 ml of prewarmed (37 °C) PDC full medium that includes 4 µg ml − 1 polybrene (10 mg ml − 1 ) to each well.
(xix) Add 400 µl of virus and mix gently by rocking the six-well plate by hand.
(xx) Centrifuge the plate at 550g for 1 h at 32 °C.
(xxi) Aspirate the medium that contains the virus. ! cautIon Follow standard viral protocols for proper disposal of virus-containing solutions. (xxii) Add 2 ml of prewarmed (37 °C) PDC full medium to each well. (xxiii) Selection. Perform drug selection using 5 µg ml − 1 puromycin over 5-10 d. Cells should be passaged at least once during this time. In the case of LV-cre-SD, there is no selectable marker. For that reason, it is advantageous to isolate PDCs from mice that harbor a reporter, for example, a Rosa26 YFP allele. FACS can be used to select for recombined cells (Fig. 3) . Reduced cell viability. Try to keep the time of the collagenase digestion as short as possible. In addition, ensure that the stirring speed of the magnetic stir bar is set to a low speed in order to reduce shear forces. When you are centrifuging the samples, do not exceed 300g.
step 1B
It is crucial to ensure proper timing of mouse matings and to annotate the dates of embryos in order to gain reproducible results, especially during secondary transition around E14.5 when gene expression within the ductal population can change rapidly. When you are dissecting the embryonic mouse pancreas, it is essential to separate the pancreas properly from the spleen, liver and intestine. Contaminating tissues can markedly skew the gene expression results.
step 15a
Disintegration of the collagen sheet. It is absolutely necessary to keep the collagen sheet intact. Without sufficient solidification time in the incubator (45 min), collagen sheets commonly rupture or float off of the tissue culture plastic. In addition, be sure that the 10× PBS has not precipitated and that the NaOH is 1 N. Remove any residual collagenase solution at each step. An additional washing step with DMEM/F12 can be performed if necessary.
Alternative culturing conditions. PDCs isolated from wild-type cells or from cells that do not harbor a pro-proliferative mutation require a collagen matrix to maintain cultures and subsequent passages. Cells will undergo senescence within 5-7 d when they are grown on tissue culture plastic. However, cells isolated from the Pdx1cre;Kras G12D/ + (± p53 R172H/ + ; note that p53 is officially known as Trp53) mouse model, for example, can be cultured directly on plastic after three passages on collagen. The three passages, as well as the cholera toxin supplemented in the PDC full medium, allow the epithelial cells to outgrow potential contaminating fibroblasts.
Growth characteristics are not reproducible on different collagen concentrations. It is necessary to dilute all collagen stocks to the same concentration for each experimental iteration. The concentration of collagen will determine its final solidification matrix composition, mechanical stiffness and surface tension. Small changes in concentration can alter the extracellular matrix surface protein spatial arrangement and cause receptor clustering and mechanical force transmission differences between each experimental condition. Here we used a collagen concentration of 2.31 mg ml − 1 , which corresponds to an elastic modulus of 300-800 Pascal, in line with the current estimation of in vivo pancreatic stiffness 18 .
percentage of cysts can show single and multicellular outgrowths reminiscent of branches (Fig. 7) . One can anticipate cysts of consistent size composed of a regularly shaped single-cell outer layer with a hollow core void of epithelial cells. Cells isolated from mice harboring mutant Kras G12D with or without mutant p53 R172H form irregularly shaped cysts that often demonstrate cellular protrusions ('spikes' or invadapodia). Clusters of spindle-shaped cells often coexist with the cysts. These cysts can be analyzed for changes in shape dynamics (regular versus irregular) dependent upon genetic or nongenetic manipulation (Fig. 8) [20] [21] [22] .
DBA lectin-positive cells that have been cultured in 2D can be manipulated using lentiviral vectors. The transduction efficiency can vary substantially depending on the lentiviral vector that is originally transduced. In addition, virus quality and virus concentration, as well as the infectibility of the recipient cell line, can also alter the transduction efficiency. It is notable that PDCs from wild-type animals are considerably harder to transduce than PDCs derived from PanIN or PDAC.
Finally, primary cell lines can be analyzed with regard to their distribution of so-called cancer stem cell markers. Substantial variation can be observed in the distribution of CD44/CD24, CD133 
